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E-mail address: naama.barkai@weizmann.ac.il (N.In the budding yeast, a large fraction of genes is coordinately regulated with growth rate. We argue
that this correlation does not reﬂect a direct feedback from growth rate to gene expression. Rather,
what appears to be a response to growth rate is dominated by environmental sensing. External
parameters, such as nutrition or temperature, feed-forward to deﬁne gene expression pattern that
is tuned to the evolutionary-predicted growth rate. While such a feed-forward strategy requires
ﬁne-tuning of signaling mechanisms, and is limited in the range of environments that can be mon-
itored, it enables advanced preparation to physiological changes that predictably occur following
environmental switching. The capacity to anticipate and prepare for changing conditions was prob-
ably a major selection force during yeast evolution.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Gene expression is extensively regulated by a large number of
transcription factors and chromatin regulators that bind DNA at
speciﬁc cis-regulatory elements. In certain model organisms, a de-
tailed description of the cis and trans elements regulating gene
expression is beginning to emerge, revealing design principles,
such as recurrent motifs [12] and connectivity patterns [2], that
are conserved between diverse organisms.
This review is concerned with a complementary set of princi-
ples, which go beyond the detailed structure of the networks but
try to understand the general strategies employed in gene regula-
tion, and from this obtain insights about the selection forces that
acted during yeast evolution. Speciﬁcally, we will examine the
strategy that budding yeast cells follow when coordinating their
gene expression with growth rate.
It is now established that a large fraction of yeast genes is
regulated in a manner that correlates most strongly with the cel-
lular growth rate [3,4,6,16]. In particular, genes associated with
ribosomal functions are induced with increasing growth rate,
whereas genes of the so-called Environmental Stress Response
(ESR) are repressed. Coordination of gene expression with
growth rate could be due to a direct feedback mechanism,
whereby growth rate (or some related internal variables) is
sensed, and feeds-back to modulate gene expression. Alterna-
tively, it could reﬂect feed-forward regulation of gene expressionchemical Societies. Published by E
Barkai).by environmental signaling, with an indirect inference of growth
rate from external parameters (Fig. 1). We will support the
second possibility. Feed-forward strategy requires ﬁne-tuning of
signaling mechanisms, and may limit the range of environments
that can be accurately monitored, but enables advanced prepara-
tion to changing conditions.
2. Correlation of ribosome synthesis with growth rate in
bacteria and in yeast
Ribosome synthesis accounts for the cell’s single largest expen-
diture of biosynthesis energy [21]. At the same time, protein trans-
lation by the ribosome is a key for biomass increase during cell
growth. This interplay suggests a tight connection between ribo-
some synthesis and cellular growth rate.
Indeed, in bacteria, classical experiments have shown that ribo-
some concentration increases in proportion to growth rate, primarily
due to enhanced synthesis. In fact, ribosome synthesis increaseswith
the square of the growth rate. This relation ismaintained in different
media and for amedium-to-high growth rates, indicating that under
these conditions ribosome concentration is limiting for growth. It
breaks down for slow growing bacteria which produce an excess of
functional ribosomes [9,14].
At least two mechanisms underlie growth-dependent regula-
tion of ribosome synthesis in bacteria. First, purine nucleotides
(ATP and GTP), whose concentrations reﬂect the nutritional state
as well as the translational activity of the cell, regulate ribosomal
biogenesis by directly binding the rRNA P1 promoter [7,15,19].
Second, uncharged tRNA, which accumulates when the internallsevier B.V. All rights reserved.
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Fig. 1. Feedback vs. feed-forward strategies for coordinating gene expression with cellular growth rate. (A) In the feedback strategy, growth rate is sensed and feeds-back to
regulate gene expression. Regenberg et al., by noting many of the growth rate-dependent genes cluster around replication origins, suggested that histone modiﬁcation around
the replication origins changes as a function of the growth rate thereby regulating gene expression [16]. Brauer et al. [3] proposed that growth rate is sensed through
translation rates, which inﬂuence the level of particular mRNAs that carry this information to other cellular processes. Other possibilities involve direct sensing of internal
variables directly correlated with growth rate, such as the rate of biomass production or the internal pools of nutrients or energy. (B) In the feed-forward strategy, information
is transferred directly from the environment, and is not inﬂuenced by the actual growth rate. Signaling pathways must be ﬁne-tuned to predict growth rate at each speciﬁc
environment.
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Fig. 2. Gene expression and growth rate are not coordinated during temporal response to perturbations. (A) Experimental design. Steady-state growing cells were subjected
to different environmental perturbations. Growth rate was calculated from the measured optical density and gene expression was quantiﬁed using microarrays. See [11] for
details. (B) Cell density during the response to the different perturbations in a glucose-limited chemostat. (C) Average expression change of three growth rate-dependent gene
groups: ESR genes, genes coding for proteins involved in ribosome biogenesis and genes coding for ribosomal proteins. Normalized growth rate at each points is shown in the
bars. (D) Each gene was assigned a growth correlation score (GCR), quantifying the correlation between its expression level and growth rate, averaged over all perturbations.
The GCR distribution of several gene groups is shown. The X-axis represents the calculated average correlation, and Y-axis represents the fraction of genes within the module.
The two vertical lines designate the threshold for the 5% of genes with the highest or lowest GCR.
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rate, represses ribosomal synthesis through the stringent response
[5].
The coordination of ribosome synthesis with growth rate in the
budding yeast is less understood. Early experiments have demon-
strated a 2.5-fold reduction in ribosome levels when cells were
shifted from glucose to ethanol, comparable to the 3-fold reduc-
tion in growth rate [10]. Similarly, genes coding for ribosomal
function were shown to be repressed upon depletion of other
nutrients, and in a variety of stressful environments. However, un-
til recently, the connection between gene expression and growth
rate was not analyzed systematically.3. A large fraction of yeast genes is correlated with growth rate
Several recent experiments systematically examined the coor-
dination of gene expression and growth rate in the budding yeast
[3,4,6,16]. In contrast to early experiments, where cells grew in
batch cultures, these studies considered steady-state growth in
continuous cultures. The key advantage of using a chemostat is
that it enables precise control of both the growth rate and the
growth media. Steady-state growth can be maintained over a long
time, provided that some nutrient is limiting growth. Growth rates
can be controlled independently of the feeding media by simply
adjusting the dilution rate.
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dependent. Expression of these genes increased (or decreased) with
thegrowth rate of the cells, independent of themedia or limiting fac-
tor used. Moreover, a computational algorithm was constructed
whichcorrectlypredictedcellular growthratebasedongeneexpres-
sion in both continuous and batch cultures [1]. As expected, genes
coding for ribosomal proteins were induced with growth rate, to-
gether with additional genes involved in translation, RNA metabo-
lism and nuclear import/export. Genes whose expression was
decreased with growth rate were associated with the response to
stress, transport, cell-communication, autophagy and metabolism.
A notable feature of the yeast genetic network is the existence
of a general transcription program, the ESR, which is induced in re-
sponse to a variety of different stresses [8]. The ESR includes hun-
dreds of genes which are involved in diverse functions.
Interestingly, a large fraction of the ESR genes participates in the
growth rate-dependent response, being repressed with increasing
growth rate.
A large fraction of yeast genes is thus coordinately regulated
with the cellular growth rate. What mechanism is responsible for
this coordination? We discuss below two possible strategies. The
ﬁrst depends on a direct feedback from the growth rate itself,
whereas the second assumes a feed-forward inference of growth
rate from the external environment.
4. Feedback strategy – direct sensing of growth rate
The most intuitive means for coordinating gene expression with
growth rate is by a direct feedback, whereby the growth rate itself is
sensed and feeds-back to regulate gene expression (Fig. 1). Several
possible means for implementing such a feedback were proposed.
Regenberg et al. have noted that many of the growth rate-depen-
dent genes cluster around replication origins [16]. Based on this
observation, they suggested a model in which histone modiﬁca-
tions around the replication origins change as a function of the spe-
ciﬁc growth rate and thereby confer transcriptional changes to the
adjacent genes. Brauer et al. [3] proposed an alternative mecha-
nism, in which growth is sensed through translation rates. If trans-
lation rates fall when growth slows down, unstable mRNAs will
become almost immediately unavailable, and could carry this
information to other cellular processes. Other possibilities could
involve sensing of internal variables that are directly correlated
with the instantaneous growth rate, such as the rate of biomass
production or the internal pools of nutrients or energy, in analogy
with the growth rate-dependent control described in bacteria.
A key advantage of the feedback strategy is its generality. All
perturbations that affect growth rate will be sensed in the same
manner, leading to the desired change in gene expression, inde-
pendent of the precise details as of why growth rate was altered.
Optimal response is thus ensured for a diversity of external condi-
tions, even novel perturbations (e.g. drugs) that have not been
encountered during yeast evolution.
5. Feed-forward strategy – inferring growth rate from
environmental parameters
An alternative strategy for coordinating gene expression with
growth rate is to infer growth rate from the environment (Fig. 1).
Here, information is transferred in a feed-forward manner from
the external parameters, and is not inﬂuenced directly by the ac-
tual growth rate itself. This strategy requires that signaling path-
ways would be ﬁne-tuned to properly predict growth rate at
each environment. Such ﬁne-tuning of signalling pathways can
be achieved via evolution for environments that are repeatedly
encountered by the cells.This feed-forward strategy appears to be limited in the range of
environments that can be monitored. In particular, it will not en-
able growth rate-dependent response to a novel perturbation that
was not encountered during evolution. However, this strategy pro-
vides an advantage in enabling rapid responses. In fact, in contrast
to the feedback strategy, where cells modulate their gene expres-
sion only after growth rate have already been changed, here cells
can respond even before any physiological changes had occured.
In this way, cells can anticipate and prepare in advance for physi-
ological changes, e.g. depletion of some intracellular nutrient, that
are likely to occur, perhaps with some delay, following a change in
the environment.
6. How to distinguish the ‘feedback’ vs. the ‘feed-forward’
strategies?
How can we distinguish experimentally between the ‘feedback’
and ‘feed-forward’ strategies? Both strategies can account equally
well for the correlation between growth rate and gene expression
observed during steady-state growth. This is clearly the case of the
feedback strategy. For the feed-forward strategy, we note that in
chemostat experiments a change in the steady-state growth rate
necessarily involves a change in the amount of the limiting factor
within the chemostat. This information about the level of limiting
factor can thus be transduced by ﬁne-tuned signaling mechanisms.
Indeed, Brauer et al. have noted that the gene expression pattern in
a chemostat closely approximates the pattern found in late-log
phase batch cultures with the same level of limiting nutrient
[3,18]. More generally, since under most conditions the actual
growth rate can be predicted based on environmental parameters,
it is difﬁcult to discern between the two strategies.
We propose two experimental paradigms for which the pre-
dicted behavior of the ‘feedback’ strategy differs from that of the
‘feed-forward’ strategy. The key idea is to decouple the evolution-
ary-tuned environmental signals from the actual growth rate of the
cell. The ﬁrst approach focuses on the temporal dynamics, examin-
ing whether changes in gene expression are observed before or
after the changes in growth rate. The second approach examines
gene expression in mutants that grow poorly on environments that
are preferred by wild-type cells. As we describe below, experi-
ments using both approaches strongly support the second strategy,
suggesting that yeast cells adjust their gene expression predomi-
nately by inferring growth rate from environmental parameters,
and not through a feedback from the instantaneous growth rate
itself.
7. Correlation between gene expression and growth rate during
temporal response to perturbation
If cells monitor their growth rate directly (or some internal vari-
ables directly related with it), and modify gene expression accord-
ingly, then changes in growth rate are expected to precede the
changes in gene expression. In contrast, if gene expression is deter-
mined by direct environmental sensing, changes in gene expres-
sion could precede changes in growth rate. Early experiments
supported the latter possibility: shifting cells from ethanol to glu-
cose resulted in an immediate increase in ribosome synthesis
(within 5 min), whereas growth rate increased only after a delay
of 30–60 min [10].
Ronen and Botstein examine the response of yeast cells to a
pulse of glucose, providing additional indications that gene expres-
sion is induced early, before any change in growth rate is observed
[17]. Here, cells were grown in a chemostat with galactose as a car-
bon source, and were given short pulses of glucose. Glucose is the
preferred carbon source for yeast cells, and, at steady state, cells
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the set of growth rate-dependent genes is differentially expressed
in cultures growing in glucose vs. galactose. The glucose pulse gi-
ven by Ronen and Botstein, however, was not large enough to actu-
ally change growth rates, but was washed away before any change
in cell-density or cell size was observed. Still, despite this consis-
tency of growth parameters, extensive modulation of the gene
expression pattern was observed. Moreover, this change in gene
expression highly resembled the growth rate-dependent response,
increasing the level of genes related to ribosomal function and
repressing ESR genes.
To examine the temporal relation between gene expression and
growth rate more systematically, we monitored the temporal re-
sponse of steady-state cultures to a diversed set of pulse-like per-
turbations (Fig. 2) [11]. The perturbations included four
environmental stresses (heat shock, high osmolarity, peroxide,
and DTT), a drug (clotrimazole), and supplementation of the limit-
ing factor. The experiments were repeated for two different limit-
ing nutrients (histidine and glucose).
All perturbations led to a signiﬁcant change in cell density,
ranging from a 15% increase to 70% decrease in biomass (Fig. 2B).
Changes in growth rate were typically slow, observed at 1 h after
the perturbation, and returned to equilibrium on a scale of 10–30 h
(Fig. 2C). Typically, an ‘over-shoot’ was observed before reaching
steady state, where cells grew faster than the dilution rate. In sharp
contrast, changes in gene expression were observed within 10 min
of the perturbation (the ﬁrst time point examined, Fig. 2C). Mostly,
gene expression response resembled the growth rate-dependent
program: genes related to ribosomal function increased in expres-
sion, whereas genes of the ESR were repressed. This response, how-
ever, preceded the change in growth rate, indicating that the initial
response is deﬁned by environmental signaling.
The strong initial response to the changing conditions may
mask further signals that are directly dependent on growth rate.
To examine this, we analyzed the recovery process (Fig. 2C). The
pulses of environmental perturbations were washed away by dilu-
tion on a time scale of 5 h. Also during the recovery, no consistent
correlation between growth rate and the expression the growth
rate-dependent genes was observed. For example, during the
recovery from heat shock in a glucose-limited chemostat, slow
growth was in fact associated with high (rather than low) levels
of ribosomal biogenesis genes. In a large number of perturbations,
including NaCl and H2O2 gene expression was relatively constant
during the recovery. Some correlation between gene expression
and growth rate was observed during the response to clotrimazole.
However, even in this case, the large increase in growth rate (over-
shoot) during the ﬁnal recovery to steady state was not accompa-
nied by a corresponding change in the expression of the ribosomal
or ESR genes.
Taken together, these data indicate that the strong correlation
between gene expression and growth rate observed during stea-
dy-state growth, is practically lost when examining the temporal
response to perturbations. Moreover, changes in gene expression
typically precede changes in growth rate, and not vise versa. To-
gether, these results are consistent with the feed-forward strategy,
whereby coordination of gene expression with growth rate is
achieved by inferring growth rate from environmental parameters.
We note that the conclusion above holds for the majority of the
gene groups deﬁned as being growth rate-dependent, including
genes involved in ribosome function and the stress-related genes
(ESR). We examined whether other gene groups maintained their
correlation with growth rate also under non-steady-state condi-
tions (Fig. 2D). As expected, a strongest correlation between
growth rate and expression was found for the cell-cycle genes.
Other gene groups were also identiﬁed, but these were typically
speciﬁc to a particular limiting factor. For example, genes codingfor the mitochondrial ribosomal proteins and oxidative phosphor-
ylation were correlated with growth rate, but only in the glucose-
limited chemostat [11].8. Mutations can break the coordination between growth rate
and gene expression
Coordination of gene expression with growth rate was observed
under conditions that closely resembles natural environment
repeatedly encountered during yeast evolution (e.g. limitations
for glucose, phosphate, nitrogen or sulfate). Cells could have, in
principle, adapted their signaling mechanisms to properly predict
their growth rates in these environments.
We reasoned that the ‘feedback’ vs. ‘feed-forward’ strategies
can be distinguished by examining mutants whose growth prefer-
ences differ from those of wild-type cells. These mutants are ‘con-
fused’ in the sense that the growth rate predicted by the
environmental parameters is different from the actual growth rate
of the cells. For such mutants, the ‘feedback’ and ‘feed-forward’
strategies differ in their predictions: The ‘feedback’ strategy pre-
dicts that gene expression in the mutant will be different from that
of the wild-type, and will be determined by the actual growth rate
of the mutants. In contrast, the ‘feed-forward’ strategy predicts
that gene expression is primarily determined by environmental
sensing so that gene expression in the mutant will be more similar
to that found in the wild-type cells, despite the differences in
growth rate.
Experiments using a strain deleted of the gene ADH1 supported,
again, the feed-forward strategy [11]. adh1 mutants cannot fer-
ment glucose, and consequently grow faster on non-fermentable
carbon sources (e.g. glycerol) than on glucose. This is in contrast
to wild-type cells for which glucose is the preferred carbon source.
We observed that gene expression of adh1 cells grown on glucose
vs. glycerol, highly resembles that of wild-type cells: genes coding
for ribosome-related function were induced in glucose, whereas
ESR genes were repressed. These results were consistent both
when logarithmic-growing cells were compared, and also upon
the transfer of cells from glucose to glycerol media.
Thus, gene expression of adh1 cells followed the environment
rather than the cellular growth rate, consistent with the feed-for-
ward but not the feedback strategy. More recently, Zaman et al. ap-
plied a similar approach to other mutants, demonstrating that
activating PKA completely recapitulates the growth rate-depen-
dent program in the absence of any increase in growth or metabo-
lism, supporting again the notion that activation of the growth
program results solely from the cell’s perception of its nutritional
status, rather then the growth rate itself [22].9. Conclusion
In this review, we argued that, in budding yeast, most of the ob-
served coordination between gene expression and growth rate is
not achieved by a direct growth rate-dependent feedback. Rather,
it is more likely to result from the direct sensing of the environ-
ment by signaling pathways that have been properly tuned during
evolution to infer growth rate from external parameters.
At ﬁrst sight, the use of a feed-forward strategy appears differ-
ent from the situation in bacteria, where the mechanisms underly-
ing growth-dependent regulation of ribosome synthesis was
shown to depend directly on internal variables that appear to be
directly related to growth rate. It may be that strategies employed
by eukaryotic cells are different from these bacteria, and this may
explain in part the highly differing designs of the respective signal-
ing mechanisms. We note, however, that experiments designed to
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described in this review, were not conducted yet in bacteria.
In many respects, the feed-forward strategy seems inferior to
the feedback strategy. In particular, the feed-forward strategy re-
quires extensive ﬁne-tuning of signaling mechanisms to properly
predict growth rate in the wide variety of environments that cells
my encounter. Moreover, such a mechanism will not support adap-
tation to novel environments that have not been encountered dur-
ing evolution. In contrast, a feedback strategy can direct a proper
respond to any perturbation that alters growth rate, independently
of which perturbation it is or whether it was encountered before.
In this way, it is analogous to the integral-feedback controller often
used in engineering.
What then could be the advantage of using a feed-forward
rather than a feedback strategy? The main advantage seems to re-
side in the ability to respond rapidly, and predict how the environ-
ment will affect cell physiology at later times. For example, if one
factor in the environment is depleted, the cells can adapt and
change their gene expression even before intracellular supply of
nutrient becomes limiting for growth, and in this way better deal
with this limitation. Consistent with recent proposals [13,20],
these results suggest that the capacity to anticipate and prepare
for environmentally-mediated changes presented a major selection
force during yeast evolution.
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